For the first time, the combination of experimental preparation and results of fully atomistic simulations of an oligoelectrolyte multilayer (OEM) made of poly(diallyl dimethyl ammonium chloride)/poly(styrene sulfonate sodium salt) (PDADMAC/PSS) is presented. The layer-bylayer growth was carried out by dipping silica substrates in oligoelectrolyte solutions and was * To whom correspondence should be addressed † modeled by means of atomistic molecular dynamics simulations with a protocol that mimics the experimental procedure up to the assembly of four layers. Measurements of OEM thickness, surface roughness and amount of adsorbed oligoelectrolyte chains obtained from both approaches are compared. A good agreement between simulated and experimental results was found, with some deviations due to intrinsic limitations of both methods. However, the combination of information extracted from simulations to support the analysis of experimental data can overcome such restrictions and improve the interpretation of experimental results. On the other hand, processes dominated by slower kinetics, like the destabilization of adsorbed layers upon equilibration with the surrounding environment, are out of reach for the simulation modeling approach, but they can be investigated by monitoring in situ the oligoelectrolyte adsorption during the assembly process. This demonstrates how the synergistic use of simulation and experiments improves the knowledge of OEM properties down to the molecular scale.
Introduction
The alternate adsorption of oppositely charged polyelectrolytes on charged surfaces-a thin film growth technique known as layer-by-layer (LbL) deposition 1,2 -is a well established and straightforward route for the functionalization of solid substrates. The resulting systems are known as polyelectrolyte multilayers (PEMs) and they offer the possibility to create a surprising large variety of coatings by the proper choice of materials and assembly conditions. Since their introduction a huge number of systems have been created, comprising not only synthetic polymers but also biomaterials, micelles, inorganic components, 3-5 which stimulated numerous experimental and theoretical works devoted to their characterization. [6] [7] [8] However, the fundamental study of PEMs faces difficulties that have limited a complete understanding of their properties and assembly mechanisms. For instance, experimental measurements at scales smaller than few tens of nanometers are challenging for many common techniques. Most analytical modeling approaches usually rely on strong, hard to prove approximations, and have serious difficulties to deal with the complex intermixing of the oppositely charged layers observed experimentally. In addition, most computer simulation studies have been based on top-down coarse-grained modeling approaches, characterized by rough approximations and a very limited connection with the microscopic properties of the system. For an overview about theoretical modeling and experimental work performed on PEMs and its open challenges the reader is addressed to recent literature 4, [9] [10] [11] [12] and references therein.
Besides the aforementioned lack of fundamental understanding, some potentially interesting approaches to the synthesis of PEMs with particular properties remain unexplored. For instance, although the preparation of PEMs makes use of polymers of different structural properties (linear, branched), charge density, functionality, molecular weights, very small chain lengths have not been used so far. The reason lies in the difficulty of trapping oligomeric complexes in the multilayer phase, due to the preferential formation of soluble complexes in bulk, which allows them to preserve high translational entropy. 13, 14 However, the preparation of oligoelectrolyte multilayers (OEMs), is of fundamental importance for many reasons. From the perspective of applications, this strategy is expected to offer thin films with a different structure, porosity, elasticity and dynamics, but with the same surface chemistry as their equivalent long chain systems. From the point of view of theoretical modeling, and particularly concerning computer simulations, the use of oligomers significantly reduces the computational workload of atomistic models, making feasible the simulation of characteristics that remain unreachable to this approach when longer polyelectrolytes are involved.
Indeed, atomistic simulations may provide a proper understanding of the microscopic details underlying the assembly of OEMs, and may serve as a basis to bottom-up coarsening approaches properly grounded on the microscopic mechanisms of the system. In this context, we recently introduced an atomistic modeling approach for the formation of complexes of poly(styrene sulfonate sodium salt)/poly(diallyl dimethyl ammonium chloride) (PSS/PDADMAC) oligomers, 15 as well as the first extensive atomistic simulations for the adsorption on solid substrates of monolayers and bilayers of such oligoelectrolytes. [16] [17] [18] These latter simulations represent the first steps in the growth of a PSS/PDADMAC OEM thin film, and have provided relevant details of the main microscopic mechanisms at the substrate-OEM interface region.
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In this work we present the first experimental assembly and the first atomistic simulations of an OEM thin film obtained by the adsorption of up to four layers of PDADMAC/PSS oligomers on a negatively charged silica substrate. Our main goal here is to provide the first results on the mesoscopic properties of this novel system, showing the feasability of our experimental and atomistic simulation modeling approaches. In particular, the validation of our simulation model for the growth of PDADMAC/PSS OEMs by means of a comparison as much direct as possible with experimental results is a essential step for subsequent theoretical studies. However, this comparison is not straightforward. Although the low molecular weight of the oligoelectrolytes allows the atomistic simulation of a relatively large amount of molecules, it is still not possible to reach the lengths and time scales usually sampled in experimental measurements. Taking into account this limitation, we extended the system sizes explored in our previous simulations up to the boundaries of the maximum resolution power of the available experimental techniques. This has allowed us to extract from the atomistic simulation data a set of mesoscopic parameters that could also be determined experimentally with a reasonable accuracy. Therefore, we will focus our discussion on the comparison of the results provided by experiments and simulations for such selected mesoscopic properties, namely, the film thickness, the surface roughness and the amount of adsorbed oligoelectrolyte chains per layer.
The article is organized as follows: first, the common details of the system under study are presented; next, the experimental approach is described, including details about the materials, the experimental assembly procedure and the different techniques used for measuring the properties of the resulting films; then, a description of the computational modeling approach and the simulation protocol is provided; finally, both experimental and simulation results are presented and discussed, with a particular stress on the comparison between them.
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In this work we study the formation and the mesoscopic structural properties of a four layers oligoelectrolyte multilayer which is composed of PDADMAC/PSS oligomers adsorbed on a silica substrate in presence of added salt ions. PDADMAC and PSS are polyelectrolytes frequently used for the assembly of multilayers. Since they are strong polyelectrolytes, their charge density-one unit charge per monomer for both macromolecules-is independent of the pH in solution. This reduces the parameters that control the conformations of the polymeric chains in solution and simplifies the modeling of the assembly mechanism. For this work, a degree of polymerization of about 30 monomers per chain was selected for both polyelectrolytes. The adsorption of the chains was chosen to be obtained from solutions at ionic strength 0.1M of monovalent salt (NaCl). Since silica substrates are known to have a negative surface charge at intermediate pH, 19, 20 the multilayer assembly starts with the adsorption of PDADMAC chains. A simplified sketch of the structure of the four layers thin film is shown in Figure 1 . 
Experimental methods
The thickness of oligoelectrolyte multilayers was measured with a Multiscope Null-ellipsometer from Optrel GbR (Wettstetten, Germany). The instrument is equipped with a red laser (632.8 nm)
and a PCSA (polarizer-compensator-sample-analyzer) setup. The angle of incidence was set to 60 • for measurements in water. Light guides were used to drive the incident light at the substrate/water interface and avoid the reflection at liquid/air interface. The sample thickness was measured after multilayer preparation and drying with a N 2 stream. In order to determine the thickness in swollen state, each sample was left equilibrating in water for at least 15 minutes prior to measurement.
The ellipsometric angles ∆ and Ψ were fitted with a four-layer box model, consisting of i) water 
where f 0 is the fundamental frequency of quartz (4.95 MHz for AT cut quartz sensors), A the piezoelectrically active area, ρ q the quartz density (2.648 g cm-3) and µ q the quartz shear modulus (2.947·10 −11 gcm −1 s −2 ). The contribution of water to the sensed mass was subtracted and the surface coverage was calculated as number of adsorbed chains per cm 2 .
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Computational approach
We simulated the growth of (PDADMAC/PSS) 2 OEMs by means of fully atomistic classical molecular dynamics (MD). The simulations were performed with the package Gromacs 4.5.3. 23 The interactions of the oligomers were modeled with the OPLS-AA force field. 24 Details of the parametrization of this force field for our system can be found in Ref. 15 The SPC/E water model 25 was chosen to simulate the solvent due to its capability to reproduce accurately the hydration behavior and the dielectric constant of water. 26, 27 Geometry constraints were applied to water molecules according to the SETTLE algorithm. 28 The silica substrate was modeled atomistically as a four layers sheet silicate structure with dimensions in the X and Y directions of 13.1650 nm and 12.1608 nm, respectively. Such dimensions were selected to fit the crystalline structure of the substrate to lateral periodic boundaries, which were used in all the simulations, while keeping an aspect ratio as low as possible. In addition, the chosen substrate dimensions are close to the nominal range of the radius of the AFM scan tip apex, as indicated by its manufacturer. The substrate surface was made hydrophilic by replacing the uppermost oxygen atom of every silicate tetrahedron on the interfacial layer with a polar hydroxyl group (-OH). Such hydroxyl groups were allowed to freely rotate around an axis normal to the surface, 29 in order to avoid the simulation artifacts found when their orientations are fixed. 17 Finally, a distribution of surface charges was obtained by skipping one in every four of the hydroxyl group allocations, just leaving exposed the corresponding (SiO 2 ) -group instead. This procedure led to a surface number density of 4.3 nm −2
for the hydroxyl groups and a surface charge of σ = −3·10 −20 C/nm 2 , which is in good agreement with the surface charge measured on silica in comparable experimental conditions. 19, 20 Figure 2 shows the distribution of hydroxyl groups and surface charges over the substrate surface. Our simple approach for the allocation of the surface charges, which corresponds to a discrete distribution in a regular square lattice, is based on the assumption that the local microscopic details of the surface charge have a negligible impact on the average mesoscopic properties of our system. This hypothesis is supported by the results of a recent computational study on the mesoscopic dynamics of electro-osmotic flows with charged walls 30 and is in agreement with previous computational 8 works. [16] [17] [18] Figure 2: Overhead view of the distribution of hydroxyl groups (light spots) and surface charges (dark spots) in the interfacial layer of the silica substrate used for the atomistic simulations.
The simulation protocol employed here is basically the same that we developed in our previous works on the atomistic simulation of oligoelectrolyte monolayers and bilayers. [16] [17] [18] This proto- interactions were simulated with Lennard-Jones potentials shifted to smoothly decay to zero at distances larger than 0.9 nm. Electrostatic interactions were calculated by means of the particle mesh Ewald method (PME), 34, 35 with a direct space cut-off of 1.3 nm and a Fourier grid spacing of 0.125 nm. In order to obtain a pseudo-2D Ewald summation, required by the slab geometry of the system, the Yeh-Berkowitz correction to the force and potential 36 was applied, and a region of twice the height of the initial system was kept empty in the upper part of the simulation box to avoid the artifacts associated to this method. The first NVT equilibration step ran for 100 ps with a time step of 1 f s. In the next equilibration step, which ran as well for 100 ps, the covalent bonds of the hydrogen atoms were constrained with the LINCS algorithm, 37 and the time step was increased to 2 f s. Finally, in the last equilibration step all the covalent bonds were constrained with the LINCS method, and the simulation ran for 300 ns with a time step of 2.5 f s. During this latter step, the number of oligoelectrolyte chains adsorbed to form the new layer was monitored and found to reach a constant value, thus indicating that a effective equilibrium was achieved. Once the adsorption of the new layer was completed, a rinsing of the film was performed by simply removing the supernatant solution with the remaining unadsorbed chains and ions. The rinsed film resulting from this procedure was just formed by the substrate and the adsorbed oligoelectrolyte layers, the surrounding water molecules up to the maximum height of the adsorbed oligoelectrolytes, and the counterions required to keep an overall charge neutrality. Such rinsed system was then used as the new adsorbing surface for the next dipping solution. The complete sequence of dipping-adsorption-rinsing procedures was carried out for four times by alternating PDADMAC and PSS disolutions for the dipping step, thus producing a simulated four layers OEM. In order to obtain a minimal statistical sampling of the structure of the four layers system, three completely independent runs were conducted.
The measurements of the properties of the simulated films were carried out in separate equilibration and production runs intended to mimic the experimental conditions of pure water swollen films. With this purpose, after the adsorption and rinsing of every new layer, the empty space left by the removal of the supernatant dipping solution was refilled with a box of pure water, previously equilibrated in a separate simulation. The same simulation steps used for the adsorption of every layer were applied again to equilibrate this swollen system, except for the very last step, in which the running time was limited to just 100 ns. This choice is based on the assumption that the main changes during the equilibration of the swollen system correspond to the redistribution of waters and counterions, which have a rather faster dynamics than the oligoelectrolyte chains during their adsorption process. Therefore, we have not tried to simulate any slow kinetic effect-like eventual instability and desorption of OE-OE complexes from the film surface that may occur during the experimental rinsing process-due to its still prohibitive computational cost for fully atomistic simulations. Finally, the atomistic trajectories were sampled at a rate of 0.1 ns during the latter 100 ns step. However, only the measurements obtained in the last 50 ns were taken into account for the final results.
As a final remark, due to the relatively high number of atoms involved in these simulationsabove 4 · 10 5 -the total amount of computing power spent has been of approximately 2.2 · 10 6 cpu-hours.
Results and discussion
In this section the measurements of the film thickness, surface roughness and amount of adsorbed chains obtained from experiments and simulations are presented and compared.
Film thickness
The thickness of the simulated films was calculated from the swollen equilibrated samples by computing the average height of the film surface with respect to the substrate adsorption plane.
In particular, the film surface was defined by discretizing the plane parallel to the substrate as a rectangular lattice of 50 × 50 cells. For each given cell, the maximum height of any enclosed atom belonging to either PDADMAC or PSS chains was taken as the film surface height at the position of the cell. According to this spatial discretization and to the lateral dimensions of the film, the calculation of the film surface had a maximum resolution of approximately 0.26 nm.
For the calculation of the thickness, in addition, the regions with a zero height-i.e., the regions in which the substrate was not covered by any polymer atom, either in close contact with it or as part of overhanging structures-were not used for the averaging. Taking into account that in the simulated system water molecules tend to fill completely the polymer free regions, this calculation strategy was intended to match the experimental ellipsometry measurements of the film thickness, in which the fine structural details are averaged out in the measured optical parameters.
Specifically, the experimental determination of the film thickness, d, was obtained by measuring the ellipsometric angles, ∆ and Ψ, using fixed values for the refractive index of the film, n. In general, ellipsometry measurements allow the determination of both refractive index and thickness of a sample from the change e of phase and amplitude of the reflected light. Unfortunately, the reflection from ultrathin films-like the ones studied here-only the change of phase can be determined. Therefore, either the refractive index or the thickness has to be estimated in some way in order to determine the other parameter. For thickness measurements, the approach usually used to solve this problem consists of making analogous measurements on thicker films, determining n and d from them, and then using the so obtained refractive index as a fixed single value to calculate the thickness of thinner films. We applied this strategy by carrying out independent measurements on thicker, (PDADMAC/PSS) 20 films, obtained with the same preparation protocol described above, and consequently assuming that the resulting estimation of n applies equally to our whole (PDADMAC/PSS) 2 films. Nevertheless, in this case we can alternatively take advantage of the simulation data in order to obtain an estimation of the ratio water/polymers present in every layer of the film, from which an estimation of the refractive index per layer can be obtained. By applying this refined estimation of the effective refractive index, some improvement in the accuracy of the measured thickness was reasonably expected.
The single refractive index for (PDADMAC/PSS) 2 OEMs estimated from the measurements performed on thicker multilayer was n = 1.458. For the calculation of a refractive index per layer from the simulation data, the water and aggregated oligoelectrolyte mass distribution profiles along the direction of growth of the multilayer were computed for the simulated films in order to estimate the variation of the water mass fraction as a function of the layer number. The result of this calculation shown a significant drop of the relative water content in the region corresponding to the second layer, where the presence of PSS chains is higher, with respect to the regions corresponding to the first (PDADMAC), third (PDADMAC) and fourth (PSS) layers. In particular, this drop was of approximately a 30% with respect to the first layer, and 25% with respect to the third and fourth layers. Qualitatively, the drop of water content in the second layer with respect to the first and third layers is supported by the experimental observations of a lower hydration in PSS layers in front of the PDADMAC ones. 38, 39 Unfortunately the statistical error of such results, as estimated from the three available simulation runs, was found to be rather large, specially for the third and fourth layers, in which the fluctuations were above the 50%. This evidences that the sampling statistics achieved in our simulations for this paramater were relatively poor. Therefore, this calculation of the water mass fraction per layer from the simulation data should be considered just a rough estimation to support a qualitative estimation of layer thickness from the experimental data. Consequently, the values of water contents per layer used for the experimental data were selected as follows: for the first layer, a reference value of water content of 40% was taken from data reported in literature, 40 which is similar to our own swelling measurements carried out on high molecular weight (PSS/PDADMAC) PEMs (data not reported here). From this reference value, the variations determined from the simulation data were applied to the next layers. Therefore, for the second layer the assumption of the aforementioned decrease of 30% led a drop of the water content to around 10%. For the third and fourth layers, the aforementioned increase of water content of 25% with respect to the second layer was assumed as well, bringing the relative amount of water to 35%. The values of the refractive index obtained with such estimations were, from first to third layer, n = 1.462, 1.528 and 1.473, respectively.
The growth of the film thickness with the number of deposited layers, determined directly from simulations and from both experimental ellipsometry approaches, is shown in data is observed for both experimental results. However, for the case of the experimental thickness obtained with a single refractive index for the whole film (Exp I in Figure 3 ), a systematic shift to higher values can be noticed. This could be due to an overestimation of the water content within some regions of the film, which leads to the observed deviation towards apparently thicker films.
To prove that, we tested the sensitivity of our ellipsometry measurements to the accurate estimation of the refractive index by calculating the range of thickness values obtained when n varies within a relatively narrow interval. Table 1 in the supporting material shows the results: it is remarkable how a significant variation in the measured thickness, from 8.6 to 3.2 nm, is observed when n is changed just from 1.40 to 1.55.
However, Figure 3 also demonstrates that there is an excellent agreement between the direct simulation results and the ellipsometry measurements when the relative content of water per layer obtained from the simulations is used to calculate n per each layer (Exp II in Figure 3 ). This 14 agreement is even more remarkable if we consider the poor statistics on which such estimation was based. This result illustrates how computer simulations may support experimental measurements, particularly when they are carried out close to the limits of their maximum resolution power.
Surface roughness
The rms roughness of (PDADMAC/PSS) OEMs calculated from simulated and experimental OEM surface profiles is reported in Figure 4 against the layer number. The simulated data were extracted from the same surface profiles used for the determination of the film thickness. Due to the relatively small size of the surface area sampled in the simulations, all the data obtained from the three independent runs were aggregated to calculate the rms deviation, hence no error estimation is reported in this case. As mentioned in the Experimental Approach section, the experimental data were determined from AFM measurements and averaged on four different (1x1)µm 2 regions on each sample. Experimental data were obtained from AFM measurements carried out on multilayers swollen in water. Even data correspond to PDADMAC termination, odd data to PSS termination.
As shown in Figure 4 , the data obtained from the two approaches present a reasonable qual-itative and quantitative agreement: in both cases, the surface roughness grows with the number of deposited layers. However, the experimental measurements show moderately higher averages than the corresponding to the simulations. Such disparities are not surprising for AFM scans carried out on films with this low number of deposited layers. It is known that the spatial resolution of AFM instruments is limited by the size of the tip apex, so the profile of the surface at scales smaller than such size is poorly sampled. In addition, the simulation data shows a strong variation of the substrate coverage within the explored range of deposited layers, growing continously from roughly a 30% for the first layer to a 80% for the fourth one. If we assume a comparable substrate coverage variation for the experimental films, a significant and presumably inhomogeneous impact on the accuracy of the corresponding AFM measurements should be expected. Even though we have some evidence that the presence of a regular charge pattern in our model surface should not have a critical impact on the results presented here, its influence on the conformation of the adsorbed chains, especially of the first layer, cannot be completely ruled out, and will be the subject of further investigations.
Adsorbed oligoelectrolyte chains
The adsorption of a polyelectrolyte on a solid substrate is a complex process and it can be schematically described by three main steps: I) initial adsorption, characterized by a strong mass uptake, driven by electrostatic attraction of oppositely charged species and entropic gain by counterions release; II) chain rearrangement, when the adsorbed chains rearrange in a more stable conformation, increase the number of complexation sites and entanglements; III) rinsing, when a polymer-free solution, either pure water or salt solution, is flowed on the layer to remove the excess of PE chains and counterions prior to the next adsorption cycle. Among the change of mass measured during each of the mentioned steps, the adsorbed mass after rinsing is the most important one, since it determines the film growth over a full set of adsorption-rinsing cycles. This is exactly the quantity that was intended to be reproduced by the computer simulations. Instead, no representative data for the actual adsorption and rinsing kinetics is expected to be obtained from such approach due The siulated data correspond to the adsorbed mass after water rinsing, i.e., at the end of a full adsorption-rinsing cycle. The experimental data were calculated from the sensed mass measured afted the initial adsorption (triangles), chain rearrangement (squares) and rinsing step (circles). Figure 5 shows the accumulated number of adsorbed chains per layer for both simulated and experimental data. If the data relative to the number of adsorbed chains after rinsing are analyzed (Exp III), it can be noticed that there is a good agreement between simulated and experimental data for the first PDADMAC layer, as well as for the increment after the adsorption of the third layer.
Nevertheless, for the case of PSS layers, second and fourth, the variations of the experimental values are significantly lower than the ones corresponding to simulations.
The reported trends illustrates some important aspects of the LbL assembly of PDADMAC/PSS OEMs:
i) the adsorbed mass decreases systematically from the initial adsorption step (I) to the rinsing step (III) for all layers. This means that, after a strong uptake driven by electrostatic interactions and entropic gain upon counterions release, the equilibration of adsorbed chains in the layer leads to some mass loss. The rinsing by pure water brings an additional mass loss, due to the removal of the excess of oligoelectrolyte chains and counterions.
ii) The water rinsing after PSS deposition causes a strong mass removal, leading to very small layer increment. This is partially due to layer dehydration during rinsing, as proved by atomistic simulations and supported by the decrease of energy dissipation measured by QCM-D ( Figure S1 in the Supporting Material), but it also proves a pronounced layer destabilization during rinsing promoted by the abrupt change of osmotic pressure from OE solution to saltfree water. The possibility of a significant layer degradation within the experimental time scales is eased by the absence of a strongly entangled structure, which is unlikely due to the short length of OE chains and to the higher mobility of oligoelectrolyte complexes compared to the long chain ones.
Unfortunately, the aforementioned limitations prevent the observation of these effects-presumably of slow kinetics nature-in our atomistic simulations, and no net decrease in the amount of adsorbed chains was handled to be reproduced. Nevertheless, these experimental observations are crucial to understand the effect of slower kinetic processes on the effective growth of OEM layers.
Conclusions
In the present work, poly(diallyl dimethyl ammonium chloride)/poly(styrene sulfonate sodium salt) oligoelectrolyte multilayers were characterized by atomistic simulations and experiments.
The comparison between thickness, roughness and number of adsorbed chains obtained by the two approaches shows a good agreement within our range of confidence. It was also demonstrated that the experimental limitation arising from a poor accessibility to structural details on a molecular scale can be overcome by taking advantage of atomistic simulations. In this case, when the refractive index of the swollen layer was calculated by considering the swelling ratio extracted by the atomistic simulation, the agreement between the results was improved. Nevertheless, atomistic simulations are still unable to reproduce molecular processes dominated by slower kinetics, like slow chain rearrangements and destabilizations, but those processes have a crucial role in determining the layer growth. Therefore the use of QCM-D in this work to monitor in situ the change of mass after the initial strong uptake added important information to the investigation of the system dynamics.
The use of the water content inside the layer to assist the determination of ellipsometric layer thickness and the investigation of kinetic processes on experimental time scales are the examples that demonstrate the benefit of the common effort of simulations and experiments to characterize the properties of complex macromolecular systems on different molecular levels. 
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